Little is known of the factors influencing soil archaeal community diversity and composition in the tropics. We sampled soils across a range of forest and nonforest environments in the equatorial tropics of Malaysia, covering a wide range of pH values. DNA was PCR-amplified for the V1-V3 region of the 16S rRNA gene, and 454-pyrosequenced. Soil pH was the best predictor of diversity and community composition of Archaea, being a stronger predictor than land use. Archaeal OTU richness was highest in the most acidic soils. Overall archaeal abundance in tropical soils (determined by qPCR) also decreased at higher pH. This contrasts with the opposite trend previously found in temperate soils. Thaumarcheota group 1.1b was more abundant in alkaline soils, whereas group 1.1c was only detected in acidic soils. These results parallel those found in previous studies in cooler climates, emphasizing niche conservatism among broad archaeal groups. Among the most abundant operational taxonomic units (OTUs), there was clear evidence of niche partitioning by pH. No individual OTU occurred across the entire range of pH values. Overall, the results of this study show that pH plays a major role in structuring tropical soil archaeal communities.
Introduction
Since the discovery of the Archaea as the third domain of life (Woese et al., 1990) , much has changed in terms of understanding of their biology and ecology. Initially, Archaea were considered to be restricted to extreme habitats (Woese et al., 1990; DeLong, 1998) . However, new molecular methodologies have revealed the presence of Archaea in a wide variety of habitats (Ochsenreiter et al., 2003; Chaban et al., 2006; Oline et al., 2006; Ehrhardt et al., 2007; Auguet & Casamayor, 2008; Lliros et al., 2008; Youssef et al., 2012) . Ribosomal gene sequence analysis from uncultivated organisms and the isolation of certain key reference organisms have both expanded our knowledge and led to the proposal of various new candidate phyla. The most prominent addition to this is the candidate phylum Thaumarchaeota (formerly described as mesophilic Crenarchaeota) (Brochier-Armanet et al., 2008) . Thaumarchaeota dominate archaeal communities in most soils and contain all the currently known ammoniaoxidizing Archaea (Stahl & de la Torre, 2012) .
Although they are found in all or most soils, the ecology of terrestrial Archaearemains poorly understood. In a global-scale survey, Auguet et al. (2010) showed that there are certain well-defined archaeal community patterns along broad environmental gradients and habitat types. Similarly, Bates et al. (2011) studied the dominant archaeal populations in 146 soils covering different biomes such as forest, grasslands, deserts, and agricultural soil across North and South America and Antarctica. These global surveys, together with other local-and regional-scale studies, have revealed a number of factors that may affect archaeal communities, including salinity (Auguet et al., 2010) , pH (Nicol et al., 2008; Bengtson et al., 2012; Cao et al., 2012) , elevation (Zhang et al., 2009) , climate and vegetation cover (Angel et al., 2010) , and C/N ratio (Bates et al., 2011) .
However, these studies used low-resolution molecular fingerprinting tools, which lacked the coverage and depth of high-throughput sequencing methods like 454-pyrosequencing except for a previous broad-scale survey of terrestrial Archaea (Bates et al., 2011) . Bates et al. (2011) used general prokaryote primers that gave far fewer reads for Archaea, due to the much lower abundance of Archaea in soils compared with Bacteria. Although these studies have contributed to a better understanding of Archaea, there is still a need for studies using Archaea-specific primers, which focus on variation in soil archaeal communities on a more regional scale, in environments where some factors (e.g. either climate or soil parameters) are relatively constant, but certain other factors vary strongly. This type of approach will improve understanding of the controls on diversity and composition of archaeal communities. For instance, a study of Mt. Fuji in Japan showed distinct communities of Archaea specific to each elevational zone .
The present study concentrates on variation in soil community structure of Archaea in lowland tropical moist environments. At present, tropical forests are being rapidly converted to crop tree plantations or other forms of agriculture (Gibbs et al., 2010) . These land use changes have resulted in declining species richness and population density of various taxonomic groups of macroorganisms (Gibson et al., 2011) . Several previous studies have also shown the effect of land use changes on soil bacterial communities in various tropical regions (Borneman & Triplett, 1997; Cenciani et al., 2009; Jesus et al., 2009; Tripathi et al., 2012; Rodrigues et al., 2013) . However, little is known about the potential impact of such changes on soil archaeal communities in the tropics (Taketani & Tsai, 2010; Navarrete et al., 2011) . Furthermore, as few studies have so far used Archaea-specific primers in pyrosequencing, there have been no detailed studies of diversity trends and the niche breadth of Archaea along pH and land use gradients. It is unclear, for instance, whether soil Archaea show an overall diversity trend that parallels that of soil Bacteria -with a strong 'peak' in diversity around pH 7 (Lauber et al., 2009; Tripathi et al., 2012) .
Hence, this study essentially sets out to answer the following questions: (1) What are the dominant archaeal taxa in tropical soils, and how does their relative abundance and overall abundance of Archaea vary with respect to soil pH? (2) How does the overall archaeal diversity vary along pH gradients? (3) How does the land use (forest vs. nonforest) influence the structure of archaeal communities?
Materials and methods
Collection site characterization, sampling, and isolation of soil DNA A total of 27 surface soil samples were collected from forest (13 samples) and nonforest (14 samples) sites within the lowland equatorial tropical rainforest biome at sites scattered across central and southern Malay Peninsula and Northern Borneo, as described by Tripathi et al. (2012) . Forest sites include primary forest (no record of logging or tree planting in the last 100 years) and logged forest (records of logging or planting with native species in the last 100 years); nonforest sites include crop and pasturelands (number of samples per land use type are shown in Supporting Information, Table S1 ). Species cultivated at the crop sites were banana, lemongrass, oil palm, papaya, sugarcane, and tapioca. At each sampling site, the top 5 cm of mineral (B horizon) soil was collected from five selected locations within an area of 1 ha. Soil samples were composited, stored, and shipped at 4°C for 12 h before they were sieved through a 4-mm mesh to thoroughly homogenize and remove roots and plant detritus from the samples. Soil samples were stored at À80°C until DNA extraction.
The following soil and site characteristics were determined from each sample and used in the subsequent statistical analyzes: pH, total nitrogen, total carbon, available phosphorus, and exchangeable potassium. Details on these soil and site characteristics, the methods used to determine these characteristics, and the procedure utilized for the soil DNA extraction have been described previously (Tripathi et al., 2012) . The purified and resuspended DNA was stored at À20°C and was later used for PCR amplification.
Quantitative PCR analysis
The relative abundance of 16S rRNA gene copy numbers of Archaea was measured by quantitative PCR (qPCR) using Archaea-specific primer pairs Arch-967F (5′-AATT GGCGGGGGAGCAC-3′) and Arch-1060R (5′-GGCCAT GCACCWCCTCTC-3′) (Cadillo-Quiroz et al., 2006) . The archaeal 16S rRNA gene abundance was quantified against a standard curve generated from cloned full-length 16S rRNA gene copy of Haloarcula marismortui (DSM 3752; 1500 bp pGEM-Teasy; Promega, Madison, WI). The 10 lL qPCR mixtures contained 5 lL of Quanta Mix (BioSciences Inc., PA), 0.25 lL (10 pmol lL À1 ) of both forward and reverse primers, and 3.5 lL of sterile, DNA-free water, and 1 lL of template DNA (1 ng). The reaction was carried out using an Eco Real-time PCR system (Illumina, San Diego, CA) using an initial denaturation at 94°C for 15 min followed by 40 cycles of denaturation at 94°C, annealing at 50°C, and extension at 72°C, each for 30 s. The amplification was followed by a melting curve analysis. The efficiencies of the qPCR were 90-93% (R 2 > 0.993). All qPCRs were run in quadruplicate with the DNA extracted from each soil sample.
PCR amplification and pyrosequencing
For PCR amplification, we used bar-coded primers targeting the V1 to V3 region of the archaeal 16S rRNA gene, with primers as previously described by Hur et al. (Hur et al., 2011) . Briefly, PCR reactions were performed in 50 lL reactions, each containing 1 lL (20 pmol lL
À1
) of both primers, 5 lL (PCR reaction buffer with MgCl 2 , 10X), 1 lL (dNTP mix), 0.25 lL (Taq DNA Polymerase, 5 U lL
; Roche Diagnostics GmbH, Mannheim, Germany), and 1 lL of template DNA (10-20 ng). We used the following PCR conditions: initial denaturation 94°C, 5 min, followed by 10 cycles (denaturation, 94°C, 30 s; annealing, 60-55°C with a touch-down program for 45 s; elongation, 72°C, 90 s) tailed by an additional 20 cycles (denaturation, 94°C, 30 s; annealing, 55°C, 45 s; elongation, 72°C, 90 s). Pooled reactions were purified using the QIAquick PCR purification kit (Qiagen) and quantified using PicoGreen (Invitrogen) spectrofluorometrically (TBS 380, Turner Biosystems, Inc. Sunnyvale, CA). 50 ng of PCR product for each sample was combined in a single tube and sent to Chunlab Inc. (Seoul, Korea) for pyrosequencing using Roche/454 GS FLX Titanium platform.
Processing of pyrosequencing data and taxonomic analysis
The sequence data obtained after pyrosequencing were processed using Mothur (Schloss et al., 2009) . Sequences shorter than 200 nt with homopolymers longer than 8 nt and all reads containing ambiguous base calls or incorrect primer sequences were removed. Next, the sequences were aligned against the EzTaxon-aligned reference sequences, which is shown to be superior to other databases for analyzing the archaeal taxonomy . Putative chimeric sequences were detected and removed via the Chimera Uchime algorithm contained within Mothur (Edgar et al., 2011) . Taxonomic classification of each OTU, clustered at 97% sequence similarity, was obtained by classifying alignments against EzTaxon-e reference archaeal taxonomy and nonredundant nucleotide archaeal databases files using the classify command in Mothur at 80% Na€ ıve Bayesian bootstrap cutoff with 1000 iterations.
All sequence data are available under the following NCBI SRA accession no. SRA069952.
Statistical processing and analysis of results
All samples were standardized by random subsampling to 557 sequences per sample. A maximum-likelihood (ML) tree was inferred from partial 16S rRNA gene sequences of representative OTUs using FastTree2 with default settings for phylogenetic analyses (Price et al., 2010) .
Operational taxonomic units (OTUs; at 97% similarity) and other diversity units such as Shannon, Faith's PD etc., and rarefaction values were calculated using the Mothur platform (Schloss et al., 2009) . OTU-based community similarity was calculated using the Bray-Curtis index (Magurran, 2004) . Taxonomic community composition was compared between forest and nonforest sites using ANOSIM with 999 random permutations (Clarke & Gorley, 2006) . Nonmetric multidimensional scaling (NMDS) was used to visualize the Bray-Curtis distances of archaeal community across all samples.
Student's t-tests or Wilcoxon rank-sum tests were performed to determine the variation of soil properties between forest and nonforest environment for normal and non-normal data, respectively. The vectors of environmental variables were fitted onto ordination space (Bray-Curtis NMDS) to detect possible associations between patterns of community structure and environmental variables using the 'envfit' function of the Vegan package in R and statistical significance were evaluated by 999 random permutations. Significant soil properties in envfit result were then correlated to the relative abundance of the most dominant groups and diversity measures (OTU richness, Faith's PD and Shannon index values) in SigmaPlot using linear, polynomial (quadratic) and power (cubic) law functions, and model selection was carried out based on adjusted R 2 and root-meansquare error values (RMSE). Student's t-tests, Wilcoxon rank-sum tests, rarefaction curve, 'envfit' analysis, and heatmap analysis were performed using R software package 2.15.2. A bootstrapped neighbor-joining phylogenetic tree was constructed for inferring phylogeny after aligning representative phylotypes with reference sequences (J-PHY-DIT software) downloaded from NCBI and EMBL in the MEGA 4 software package (Tamura et al., 2007) .
Results
Soil pH (Wilcoxon rank-sum test, W = 154, P < 0.05) and total carbon (W = 44, P < 0.05) varied significantly between forest and nonforest sites, while total nitrogen, and C/N ratio, available phosphorus, and exchangeable Archaeal community in tropical soil potassium did not vary significantly across the landscape (Table S1 ). In qPCR analyzes, archaeal 16S rRNA gene copy numbers were significantly correlated with soil pH (R 2 = 0.21, P = 0.02). The archaeal abundance decreased across the pH gradient from low to high pH (Fig. 1) . There was no significant effect of land use on archaeal abundance.
From the 454-pyrosequencing, a total of 90 271 goodquality sequences (with an average length of 249 bp) of Archaea were obtained from the 27 samples, with an average of 3343 sequences per sample and with coverage ranging from 557 to 6683 reads per sample. Even with this level of sequencing effort, the lack of asymptotes in the rarefaction curves (Fig. S1) suggests that much archaeal diversity remains unsampled.
Of the 90 271 good-quality sequences, around 97.6% sequences could be classified up to phylum level with a total of 1734 phylotypes (defined at ≥ 97% sequence similarity level). Thaumarchaeota was the most abundant archaeal phylum (86 591 sequences, 95.9% of all archaeal sequences) followed by Euryarchaeota (1453 sequences, 1.6% of all archaeal sequences), the only other phylum present across all the samples (Fig. 2a) . The majority of the archaeal phylotypes (50.8% of all archaeal sequences) were confined to group 1.1b of Thaumarchaeota, whose abundance was significantly higher in nonforest soils (W = 138, P = 0.02; Fig. 2b) . However, the other two abundant groups of Thaumarchaeota, group1.1c and group 1.1a (36.4% and 8.6% of all archaeal sequences, respectively), were found to be significantly more abundant in forest soils than the nonforest ones (W = 48, P = 0.03 and W = 38.5, P = 0.01, respectively; Fig. 2b ).
Our soil samples were overwhelmingly dominated by groups 1.1b and 1.1c thaumarchaeotal phylotypes (defined at the ≥ 97% similarity level) and designated here as 'dominant soil Thaumarchaeota' or DST. The most abundant phylotype, DST1, belongs to group 1.1b, representing c. 16.7% of archaeal sequences recovered across all the samples. The second most dominant phylotype, DST2, belongs to group 1.1c and represented 15.3% of archaeal sequences across all samples. We found that the most abundant OTUs together are partitioned by pH, with no single OTU abundant at all pH levels (Fig. 3 ).
An environmental fitting analysis, using six soil variables, showed that only soil pH was highly correlated (r 2 = 0.91, P < 0.001) with archaeal community structure on the ordination. pH was strongly correlated to the relative abundance of group 1.1b (R 2 = 0.70, P < 0.0001), group 1.1c (R 2 = 0.68, P < 0.0001), and less strongly to Thermoplasmata (R 2 = 0.19, P < 0.05; Fig. 4a ). Both OTU richness (R 2 = 0.49) and diversity (Faith's PD, R 2 = 0.34; Shannon index, R 2 = 0.36) were also correlated (P < 0.001) to soil pH (Fig. 4b ). An NMDS plot of BrayCurtis distance showed that soil pH was a strong structuring factor in the archaeal assemblages with samples belonging to different pH zones harboring relatively distinct communities (Fig. 5) . Similarly, archaeal community structure was significantly different between forest and nonforest soils in Bray-Curtis distance-based result (ANOSIM: R = 0.435, P < 0.01). OTU richness (t 25 = À2.51, P = 0.01) and Shannon index (W = 49, P = 0.04) Archaeal community in tropical soil of forest sites were significantly higher than those of nonforest sites, and no significant effect of land use was found on phylogenetic diversity.
Discussion
Community composition, diversity, and soil pH Soil pH was found to be the best predictor of community composition and of the relative abundance of major subgroups of Archaea -analogous to the trend found in the bacterial community (Tripathi et al., 2012) . Our soil samples were overwhelmingly dominated by the thaumarchaeotal groups 1.1b and 1.1c (87.3% of all archaeal sequences), which have previously been shown to dominate terrestrial habitats (Auguet et al., 2010) . The relative abundance of these two groups and of the euryarchaeotal Thermoplasmata varied significantly with soil pH. For instance, the relative abundance of group 1.1c and Thermoplasmata declined sharply with increasing soil pH (between pH 3.65 and 4.95), and the opposite was true for group 1.1b. Our results are in agreement with those of Lehtovirta et al. (Lehtovirta et al., 2009) in the temperate zone, where they also observed a steep decline in abundance of group 1.1c with increasing pH (between pH 4.5 and 6.0). Thaumarchaeota group 1.1c is also commonly the dominant group of Archaea in acidic forest soils (Nicol et al., 2005 (Nicol et al., , 2007 Kemnitz et al., 2007) . Similarly, Thermoplasmata are seen as moderately thermophilic or mesophilic microorganisms growing at low pH values (pH optima 0.7 to 3) in acidic thermal springs, solfataras, and volcanic soils (Kletzin, 2007) . In contrast, the positive relation of group 1.1b with pH is in accordance with the study by Ayton et al. (2010) , where they found that group 1.1b was prevalent in mineral alkaline soils of the Ross Sea. Gubry-Rangin et al. (2011) also found the same relationship with pH for group 1.1b using a different marker gene (amoA). Our results here are much clearer than those found by Bates et al. (2011) , who surprisingly found less of a strong relationship between different taxonomic groups and soil pH. The relative abundance of the six most abundant archaeal OTUs also responded strongly to soil pH and suggests that different OTUs are niche-specialized for growth at different pH levels. This supports the hypothesis that different physiological and ecological niches along pH gradients are not limited only to ammonia-oxidizing Archaea (Nicol et al., 2008; Gubry-Rangin et al., 2011) , but that they also occur throughout the archaeal domain. However, the extent to which these abundant OTUs contain 'unknown' ammonia oxidizers remains a topic for further investigation. A phylogenetic tree (Fig. 6 ) incorporating the six most abundant phylotypes showed that phylotypes DST1, DST3, DST4, and DST5 clustered with various reference sequences of group 1.1b. In particular, DST1 formed a tight clade (Fig. 6 ) with the uncultured soil clone '54d9′ (Ochsenreiter et al., 2003; Treusch et al., 2005) , whereas DST2 and DST6 clustered with reference sequences of group 1.1c and Candidatus Nitrosotalea devanaterra of group 1.1a-associated archaeon (Fig. 6) , respectively. Ca. N. devanaterra is the only cultured ammonia-oxidizing Archaea from acid soil (Lehtovirta-Morley et al., 2011) , and in a recent highthroughput sequencing study of amoA gene, Gubry-Rangin et al. (2011) reported dominance of N. devanaterra-related sequences in acidic soils.
The effect of soil pH on the abundance (qPCR copy number) of Archaea was relatively modest, showing a decrease in archaeal abundance in relation to pH. This is in contrast with the latest findings of Bengtson et al. (2012) , who found a strong positive relationship between archaeal abundance and soil pH. It is unclear why there would be such a different trend between the two studies or whether these contrasting trends are generally representative of the temperate and tropical regions, respectively.
Archaeal diversity in all of our soil samples was very low in comparison with bacterial diversity in the same samples (Tripathi et al., 2012) , a pattern which is in agreement with other studies on soil Archaea (Auguet et al., 2010; Singh et al., 2012) . In our results, it is also clear that tropical soil Archaea do not show the peak in diversity around neutral pH that is often seen in Bacteria (Lauber et al., 2009; Tripathi et al., 2012) and that was indeed seen in these same samples (Tripathi et al., 2012) . Instead, Archaea diversity was strongly skewed toward lower pH soils. Interestingly, the trend of decreasing diversity with increasing pH is opposite to that observed with the amoA gene by Gubry-Rangin et al. (2011) . 
Effect of land use
Although the relationship between archaeal community composition and soil pH was very strong, there was also a significant effect of land use on the archaeal community. Our results are in broad agreement with previous studies in tropics, where both land use and soil parameters were found to be key factors in determining the diversity and structure of bacterial and archaeal communities (Jesus et al., 2009; Taketani & Tsai, 2010; Tripathi et al., 2012) . However, it is difficult to separate the influence of land use alone, as opposed to pH, as it differs quite strongly between forest and nonforest soils (due to both soil liming and preferential selection of higher pH soils for agriculture). Therefore, the patterns in land use strongly parallel trends in pH, and the stronger explanatory power of pH strongly suggests that it is the dominant factor.
Conclusions
In conclusion, soil pH emerges as the best predictor of abundance, community composition, and diversity of Archaea in tropical soils. Archaea are both more diverse and more abundant in acidic tropical soils. Thaumarchaeota groups 1.1b and 1.1c appear to be the dominant archaeal lineages in tropical lowland soils, and comparison of relative abundances of these groups together with dominant phylotypes strongly supports the concept that individual archaeal lineages found in soil are adapted to specific pH ranges. While land use as such appears to be mostly just a correlate of pH, and not a predominant determinant of archaeal communities, the pH changes associated with conversion to agriculture (e.g. due to soil liming) may be expected to alter archaeal communities and reduce local archaeal diversity. The ecosystem effects of the patterns in soil Archaea we have observed need to be more thoroughly explored, for example, through studies of archaeal amoA gene abundances and NH 3 oxidation rates. To better understand the ecology of soil Archaea, there is a need for further local-to-landscape scale studies in other areas of the world, using next-generation sequencing and archaeal-specific primers.
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